Serine/arginine-rich proteins (SR proteins) constitute a family of RNA-binding proteins conserved throughout metazoans. The SR proteins are essential for constitutive pre-mRNA splicing and also affect regulated pre-mRNA splicing. We identi®ed ®ve putative genes encoding SR proteins (referred to as srp genes) in Caenorhabditis elegans, examined their expression using the gfp gene as a reporter, and suppressed their functions by double-stranded RNA-mediated interference (RNAi). The srp::gfp fusion genes were expressed in the nuclei of most somatic cells and showed no obvious tissue-or stage-speci®c expression. Simultaneous RNAi of the ®ve srp genes resulted in embryonic lethality, whereas RNAi of individual srp genes caused no obvious morphological abnormality in the F1 progeny, indicating functional redundancy of the SR proteins. However, RNAi of several combinations of srp genes caused various developmental abnormalities, such as abnormal somatic gonad structures, delayed shift of the germ cell sexual differentiation, and abnormal spermatogenesis. Our results suggest that individual SR proteins have unique but somewhat redundant functions in C. elegans development. q
Introduction
In metazoans, SR proteins constitute a conserved family of RNA-binding proteins that play critical roles in constitutive and regulated pre-mRNA splicing (for reviews see Fu, 1995; Manley and Tacke, 1996; Tacke and Manley, 1999) . The proteins have a common structure with one or two copies of the ribonucleoprotein (RNP)-type RNA-binding domain (RBD) at the amino-terminus and an RS domain rich in serine/arginine dipeptide repeats at the carboxyterminus (Birney et al., 1993; Burd and Dreyfuss, 1994) . In mammals, there are at least eight kinds of SR proteins, ranging in size from about 20 to 75 kDa, and many multicellular organisms have a similar set of SR protein homologues. In constitutive pre-mRNA splicing, SR proteins such as SF2/ASF are thought to bridge two basic splicing factors, U1 small nuclear ribonucleoprotein (snRNP) and the U2 auxiliary factor, which are bound at the 5 H and 3 H splice sites, respectively, within an intron of pre-mRNA, and to promote subsequent formation of the functional splicing complex on the pre-mRNA (Wu and Maniatis, 1993) .
In regulated pre-mRNA splicing, some SR proteins bind to the purine-rich splicing enhancer sequences on pre-mRNAs which have suboptimal weak splice sites, and recruit other splicing factors, including U1 snRNP, leading to activation of splicing and/or alteration of splice site selection (Sun et al., 1993; Staknis and Reed, 1994; Lynch and Maniatis, 1995; Ramchatesingh et al., 1995) . The apparently common role of various SR proteins in pre-mRNA splicing raises the question of why so many SR proteins are present in each organism, and of whether individual SR proteins are functionally redundant or have some unique functions in vivo. Initial biochemical studies suggested that SR proteins might be functionally redundant. For example, two human SR proteins, SF2/ASF and SC35, were shown to be functionally interchangeable in in vitro splicing assays: both activate constitutive splicing in SR protein-depleted extracts (also called S100 extracts) and induce the same splice site selection in alternatively spliceable model pre-mRNAs (Fu et al., 1992) . In addition, a Drosophila SR protein, B52/SRp55, was shown to have similar activities in vitro in constitutive and alternative pre-mRNA splicing . More recent studies, however, revealed that some SR proteins behave differently. Drosophila RBP1/SRp20, human SRp40 and SRp55, for example, were found to have different substrate speci®city from SF2/ASF in constitutive and alternative splicing reactions in vitro (Kim et al., 1992; Zahler et al., 1993) , and also in a semi-in vivo splicing system using transient transfection of cultured cells (Screaton et al., 1995; Wang and Manley, 1995) . Moreover, even SF2/ASF and SC35 were found to behave differently in a novel in vitro splicing assay system revealing splicing commitment, in which two test pre-mRNAs were used as substrates; SF2/ ASF achieves splicing commitment only with one of the two pre-mRNAs, whereas SC35 does only with the other premRNA (Fu, 1993) .
Although much evidence has been accumulated for each SR protein possibly having at least some unique functions in splicing control, that evidence was obtained mainly from in vitro studies using model pre-mRNAs and it has remained unclear whether the differences in the behavior of SR proteins observed in vitro are also the case in vivo. Two lines of genetic evidence supported the existence of unique functions of SR proteins in vivo. One came from the analysis of the Drosophila B52/SRp55 null mutation (Ring and Lis, 1994) . The homozygous B52/SRp55 null mutation was found to be lethal, and the homozygous mutant¯ies were arrested at early larval stages, although such larvae were still capable of splicing several endogenous pre-mRNAs, including both constitutively and alternatively spliced mRNAs. This observation suggests that B52/SRp55 is responsible for proper expression of some unknown genes that are essential for speci®c stages of development. Another line of evidence came from analysis of the targeted disruption of the SF2/ASF gene in a chicken Bcell line (Wang et al., 1996) . Lack of ASF/SF2 was found to cause accumulation of incompletely processed pre-mRNA and subsequent cell death, and the lethal phenotype was rescued by the expression of the wild-type ASF/SF2 but not other SR proteins. Therefore, ASF/SF2 has at least one unique function that is required for cell viability. These observations suggest that individual SR proteins do indeed have some unique functions in vivo, although the possibility that they are redundant for other functions has not been ruled out.
To examine the unique functions of individual SR proteins more systematically, especially in development, we took advantage of the recently developed RNA interference (RNAi) method in the nematode Caenorhabditis elegans (Fire et al., 1998) . In this method, after injection of a gene-speci®c double-stranded RNA (dsRNA), functional suppression of the gene occurs in the F1 progeny which are produced from the injected animals. Based on the criteria that SR proteins must have the amino-terminal RBD(s) and the carboxy-terminal RS domain, we ®rst identi®ed ®ve putative genes encoding SR proteins in C. elegans. Then we examined the expression of the individual SR protein genes and analyzed the effects of their suppression on the development of the organism. The results presented in this study demonstrate that several combinations of SR proteins are required for speci®c aspects of development, indicating that individual SR proteins have unique but somewhat redundant functions in vivo.
Results and discussion

Identi®cation of SR protein genes in C. elegans
A database search identi®ed ®ve putative C. elegans SR protein genes, C33H5.12, EEED8.7, T28D9.2, W02B12.2 and W02B12.3, which we renamed srp-1, srp-2, srp-3, srp-4 and srp-5, respectively, in the order of increasing predicted molecular weights of the gene products (Fig. 1A) . All ®ve SR proteins encoded by the srp genes contain one or two RBD(s) at the amino-terminus and a single RS domain at the carboxy-terminus (Fig. 1B) . SRP-1 is a 179-amino-acid protein that contains one RBD which is most similar to those of mammalian SR proteins 9G8 and SRp20 (64 and 60% amino acid identity, respectively). Because SRP-1 lacks the zinc knuckle motif between the RBD and the RS domain that is found in 9G8, SRP-1 is likely to be an orthologue of SRp20 . SRP-2 is a 196 amino acid protein with a single RBD (referred to as SRp30b in Zahler et al., 1992) and is the orthologue of mammalian SR protein SC35 since their RBDs share as high as 60% amino acid identity. SRP-3 is also a one-RBD-containing protein of 208 amino acids. However, its RBD is more similar to the amino-terminal RBDs of the two-RBD-containing mammalian SR proteins (51, 47 and 52% identity with the RBD of SRp40, SRp55 and SRp75, respectively) than to those of the one-RBD-containing SR proteins (38, 40 and 31% identity with the RBD of SRp20, 9G8 and SC35, respectively). SRP-4 and SRP-5 are proteins of 281 and 312 amino acids, respectively, and contain two RBDs that share 45±50% amino acid identity with those of SRp40, SRp55 and SRp75. The RBD regions of SRP-4 and SRP-5 also show moderate similarity to that of SF2/ASF (33 and 38% identity, respectively). The signi®cant similarity to mammalian SR proteins suggests that SRP proteins function as SR proteins in C. elegans.
Expression patterns of srp genes
To examine whether individual srp genes are expressed in any tissue-or stage-speci®c manner, we constructed srp::gfp fusion plasmids from which full-length SRP proteins fused with GFP are produced under the control of their native promoters, and introduced the plasmids into animals to establish transgenic lines. As shown in Fig. 1A , all srp::gfp expression plasmids contain suf®cient upstream genomic regions, possibly including their native promoters. Since the gene EEED8.8 is located very close to srp-2 in the same orientation, suggesting polycistronic transcription of these two genes (Zorio et al., 1994) , we used the genomic fragment covering the EEED8.8 upstream region for construction of the srp-2::gfp plasmid. In each of the ®ve srp::gfp transgenic lines, GFP¯uorescence began to be detected as early as the 20±30 cell stage of embryogenesis and was con®ned to almost all somatic nuclei in adult hermaphrodites (data not shown; Fig. 2A ). No signi®cant difference in the GFP expression pattern was observed among the ®ve srp::gfp transgenes (data not shown), suggesting that none of the srp genes examined here has any obvious tissue-or stage-speci®city in its expression. Since the GFP portion used in these experiments has no nuclear localization signal and GFP alone is known to be localized in both the cytoplasm and the nucleus (ftp: // stein.cshl.org / pub/elegans_vector/FireLabVectors/), the nuclear localization of the fusion proteins indicates that Fig. 2 . Expression of srp-5::gfp is speci®cally suppressed by injection of srp-5 dsRNA. Hermaphrodites carrying the srp-5::gfp fusion gene were subjected to RNAi using either the injection buffer alone (A), dsRNA for srp-4 (B), or dsRNA for srp-5 (C). Subsequently, GFP¯uorescence was observed in F1 hermaphrodite larvae (L2±3 stages) which were produced from the injected animals. A Nomarski image of the same ®eld as in (C) is also shown in (D). Even in the case of injection of srp-5 dsRNA, faint GFP¯uorescence was still observed in a few cells near the nerve ring and the tail ganglia (arrows).
the SRP proteins are nuclear proteins, consistent with the prediction that the srp genes encode C. elegans SR proteins.
The role of srp genes in embryogenesis
We next examined whether the srp genes have different roles in development, using the recently developed RNA interference (RNAi) method, by which the expression of any given gene can be speci®cally suppressed in C. elegans (Fire et al., 1998) . GFP expression derived from srp::gfp transgenes was speci®cally suppressed in transgenic F1 hermaphrodites, except for in a few cells, by injection of speci®c double-stranded RNAs (dsRNAs) that correspond to the srp coding regions; for example, srp-5 expression was speci®cally suppressed by its dsRNA ( Fig. 2; data not shown for the other srp::gfp genes). These results indicated that expression of each srp gene can be speci®cally suppressed by RNAi. Therefore, we examined the effect of RNAi of srp genes in the wild-type N2 strain (Table 1) . When all ®ve srp genes (srp-1, srp-2, srp-3, srp-4 and srp-5) were simultaneously suppressed by RNAi, all of the F1 progeny were arrested at early embryonic stages, resulting in unhatched dead embryos (100%, n 634). By contrast, when individual srp genes were separately suppressed, no obvious developmental defects could be observed, and most of the F1 progeny grew normally to adult hermaphrodites. These results suggest that any one of the srp genes is potentially dispensable, and they have some redundant functions to support proper embryogenesis.
Therefore, we subsequently examined the extent of embryonic lethality when combinations of the srp genes were simultaneously suppressed by RNAi. The results were somewhat complicated but revealed the relatively important functions of srp-1, srp-4 and srp-5 in the process of embryogenesis, as described below. As shown in Table 1 , RNAi of any combination of two srp genes caused no significant embryonic lethality in the F1 progeny (simultaneously suppressed genes are separated by a slash hereafter, such as srp-1/srp-4, srp-1/srp-5, srp-4/srp-5, and so on). However, simultaneous suppression of three srp genes (srp-1/srp-4/ srp-5) resulted in a high incidence of embryonic lethality (79%, n 508). Thus, one could expect that if any of the three srp genes were functional, progression of embryogenesis would occur normally. Indeed, the fact that suppression of two combinations of four srp genes (srp-1/srp-2/srp-3/ srp-5 and srp-2/srp-3/srp-4/srp-5) caused no signi®cant embryonic lethality supports the conclusion that either srp-1 or srp-4 alone is suf®cient to support the process of embryogenesis. However, suppression of another combination of four srp genes (srp-1/srp-2/srp-3/srp-4) caused an unexpectedly high incidence of embryonic lethality (75%, n 503), although srp-5 would be functional in such F1 progeny. Suppression of two combinations of three srp genes (srp-1/srp-2/srp-4 and srp-1/srp-3/srp-4) caused moderate embryonic lethality (38%, n 181 and 38%, n 141, respectively), whereas suppression of srp-1/srp-4 caused almost no embryonic lethality. Therefore, it is likely that srp-5 can suf®ciently support progression of embryogenesis only in collaboration with srp-2 and srp-3 when both srp-1 and srp-4 are suppressed. These results suggest that individual srp genes have different degrees of importance in embryonic development. 2.4. srp-1 and srp-3 are involved in germ cell sex determination
As described above, suppression of any combination of two srp genes did not cause embryonic lethality. However, suppression of three combinations (srp-1/srp-3, srp-1/srp-4 and srp-4/srp-5) caused a high incidence of sterile F1 hermaphrodites (Table 2 ). In the case of RNAi of srp-1/ srp-3, 33% (n 85) of adult F1 hermaphrodites (referred to as srp-1(RNAi);srp-3(RNAi) animals hereafter) were sterile. Close inspection of such sterile hermaphrodites showed that they had somewhat shrunk gonads, and some of them had an abnormally protruding vulva and no oocytes (Fig. 3,  compare A with B) . Fertile srp-1(RNAi);srp-3(RNAi) hermaphrodites with seemingly normal somatic gonad structures showed an abnormality of germ cell development. Most gonadal arms (85%, n 93) in the adult srp-1(RNAi);srp-3(RNAi) hermaphrodites contained only sperm even on day 4 after hatching. At that stage, excessive production of sperm occurred and a number of sperm with compact nuclei were observed in the proximal gonadal arms as well as in the spermatheca (Fig. 3D,F) . When the total number of sperm was determined by scanning through focal planes and summing individual nuclei, it reached 332 per gonad on average (n 11) in the srp-1(RNAi);srp-3(RNAi) hermaphrodites, signi®cantly larger than the number in the wild-type hermaphrodites (Schedl, 1997) . A number of the gonadal arms, however, came to contain oocytes on day 5 in the srp-1(RNAi);srp-3(RNAi) hermaphrodites, resulting in the production of fertile animals. Initiation of the sperm production seemed to be normal since mature sperm could be observed on day 3. In wild-type hermaphrodites, the shift of germ line sexual differentiation from spermatogenesis to oogenesis occurs near the young adult stage (Schedl, 1997) , and oocytes can usually be seen within the proximal gonadal arms on day 3 after hatching ( Fig. 3C,E) . The phenotype of excessive sperm production in srp-1(RNAi);srp-3(RNAi) hermaphrodites is very similar to that caused by mutations of genes which are involved in the germ cell sex determination, such as the tra and mog genes (Hodgkin and Brenner, 1977; . In this respect, like RNAi of srp-1/srp-3, RNAi of the fbf-1 gene, which is also involved in germ line development, has recently been shown to lead to excessive sperm production (Zhang et al., 1997) . These results suggest that srp-1 and srp-3 are required for the proper shift of germ cell sexual differentiation in hermaphrodites. The reason for the delayed oocyte production observed in most of the srp-1(RNAi);srp-3(RNAi) hermaphrodites is unclear. It might be due to the diminishment or dilution of the dsRNA in germ cells, as they continuously proliferate to generate gametes throughout adulthood. Alternatively, other unaffected srp genes might function similarly to srp-1 and srp-3, although more weakly. The morphological abnormalities of somatic gonads which were observed in sterile srp-1(RNAi);srp-3(RNAi) animals may be the secondary effect which was caused by severe delay of oocyte production.
srp-1 and srp-4 are involved in the development of somatic gonad structures
In the case of RNAi of srp-1/srp-4, 53% of the F1 adult hermaphrodites were sterile (n 225) and showed severe abnormalities in the somatic gonad structures (Fig. 4) . Some of the sterile hermaphrodites completely lacked somatic gonads and had a protruding vulva, and others had aggregates of cells in the middle of the body, which may have been a rudimentary structure derived from the abnormally developed gonads. Similar phenotypes have been observed with mutations of the gon genes, which are required for proper gonad formation . In addition, comparison of the numbers of hatched F1 embryos and fully grown hermaphrodites indicated that about half the population of srp-1(RNAi);srp-4(RNAi) animals seemed to be arrested or dead at the larval stage (data not shown). These observations suggest that srp-1 and srp-4 are required for proper development of somatic gonads, as well as for progression from the larval stage to adulthood.
srp-4 and srp-5 are involved in proper spermatogenesis
In contrast to RNAi of srp-1/srp-3 and srp-1/srp-4, the sterile srp-4(RNAi);srp-5(RNAi) hermaphrodites (23%, n 1075) showed no super®cial morphological abnormality in the reproductive structures. One observable abnormality was that most srp-4(RNAi);srp-5(RNAi) animals grew slowly, and the fertile F1 hermaphrodites began to lay eggs on day 4 after hatching. Since the wild-type hermaphrodites usually begin to lay eggs on day 3 under the same condi- Table 2 RNAi of speci®c combinations of srp genes causes F1 sterility a gfp srp-1 srp-2 srp-3 srp-4 srp-5 Percent sterility
a dsRNA injection is indicated by 1. Individual L4 hermaphrodites were transferred separately onto agar plates. Percent sterility was calculated by dividing the number of completely sterile animals by the number of animals examined (shown in parentheses).
tions, suppression of both srp-4 and srp-5 caused a slight decrease of growth rate. In addition, we found that brood sizes of srp-4(RNAi);srp-5(RNAi) hermaphrodites were much smaller than those of the control hermaphrodites (Fig. 5) . Moderate reduction of the brood size was also observed with srp-5(RNAi) hermaphrodites, whereas only a slight reduction of the brood size was observed with srp-4(RNAi) hermaphrodites. It should be noted, however, that no completely sterile hermaphrodites were observed with RNAi of either of srp-4 or srp-5.
The reduced brood sizes of srp-4(RNAi);srp-5(RNAi) hermaphrodites suggested abnormal fertilization. Consistent with this, sterile srp-4(RNAi);srp-5(RNAi) hermaphrodites were found to lay oocytes without egg shells (data not shown), and unfertilized oocytes adjacent to the vulva were also observed even in the fertile srp-4(RNAi);srp-5(RNAi) hermaphrodites (Fig. 6A) . Such oocytes contained polyploid nuclei, although sperm with compact nuclei could be observed in the same gonadal region as in wild-type hermaphrodites (Fig. 6B,C) . Some of the srp-5(RNAi) animals, which showed moderate reduction of brood sizes, also laid unfertilized eggs like srp-4(RNAi);srp-5(RNAi) animals, whereas we could not observe such oocyte laying in srp-4(RNAi) animals. Since any morphological abnormality of developing oocytes in the oviduct of srp-4(RNAi);srp-5(RNAi) hermaphrodites could not be observed, it is likely that the phenotypes of reduced brood sizes and oocyte laying observed with srp-4(RNAi);srp-5(RNAi) animals resulted from sperm dysfunction (L'Hernault et al., 1988) . Consistently, when normal sperm were supplied to the sterile srp-4(RNAi);srp-5(RNAi) hermaphrodites by mating with him-5 males, the hermaphrodites began to lay eggs, and the progeny (50 animals per hermaphrodite (n 20) on average within a period of 24 h) developed normally through adulthood. Moreover, when the spermatheca, a part of the gonad storing sperm, of srp-4(RNAi);srp-5(RNAi) hermaphrodites was dissected and examined at the young adult stage, several abnormalities were observed in the morphology of the sperm (Fig. 7) . The most prominent abnormality was the presence of unusual vacuolated structures in some of the secondary spermatocytes, spermatids and spermatozoa (Fig. 7B ,C,E). Such vacuolated structures were not observed in wild-type sperm. In addition, some vacuolated cells were also syncy- tial, with 2±6 nuclei, possibly resulting from abnormal cytokinesis in spermatocytes. These phenotypes are very similar to those caused by mutations of genes that are involved in spermatogenesis, such as spe-4 and spe-5 (L' Hernault and Arduengo, 1992; Machaca and L'Hernault, 1997) . Taken together, these results suggest that srp-4 and srp-5 are required for proper spermatogenesis, as well as normal growth rate control.
Unique and redundant functions of SR proteins in development
Our results revealed that different sets of the srp genes have unique and important roles in various aspects of C. elegans development and strongly suggest that individual SR proteins have unique but partly redundant functions in vivo. For example, srp-1 and srp-3 possibly play important roles, in a redundant manner, in shifting the germ line sexual differentiation in hermaphrodites. Similarly, srp-4 and srp-5 play important roles redundantly in proper sperm development. Moreover, srp-1 and srp-4 have redundant functions in proper development of the somatic gonad structures. Considering the roles of SR proteins in pre-mRNA splicing elucidated so far, speci®c sets of SR proteins encoded by the srp genes may be responsible for correct regulation, possibly at the level of splicing, of particular genes which are important at various developmental stages. In principle, the functional redundancy of SR proteins could arise from the existence of multiple interaction sites for different SR proteins on a single pre-mRNA, or from the redundant interaction of the SR proteins with the same site on the premRNA. Thus, to understand the molecular mechanisms underlying the functional redundancy, it will be important to identify the genes whose pre-mRNAs interact with individual SR proteins in vivo. For the identi®cation of such target genes for individual SR proteins, it will be of great help to analyze the relationship between the srp genes and other known genes, such as spe genes, whose mutations cause phenotypes similar to those observed with suppression of the srp genes.
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